The shot peening (SP) method was employed to modify the surface properties of 33% B 4 C/Al composites. The microhardness, morphology, and corrosion behavior of B 4 C/Al composites were characterized by using the Vickers hardness test, scanning electron microscopy, potential dynamic scanning, and electrochemical impedance spectroscopy. The experimental observations revealed that the B 4 C particles were embedded into the matrix, which rendered the plastic deformation of Al alloy near the surface of B 4 C/Al composites on the condition of the high-speed impact of projectiles. As such, the density and hardness of the B 4 C/Al composite modified layer near the surface were enhanced. After the SP treatment, the results of the electrochemical polarization curve test showed that the corrosion potential increased by 55.2 mV, the corrosion current changed from 3.828 × 10 -6 to 1.102 × 10 -6 A/cm 2 , and the corrosion rate decreased by 72.2%, respectively. This indicates that the corrosion resistance significantly improved via the SP treatment. The mechanism of the formation of Al alloy modified layer and electrochemical corrosion behaviors is discussed in detail.
Introduction
With the development of the nuclear industry, the largescale use of nuclear power resulted in a rapid growing amount of spent nuclear fuel. However, owing to the disparity in geographical location between the nuclear power plant and the spent fuel pool, much effort has been put into exploring the transportation and storage materials of spent fuel with excellent performance for neutron absorption. B 4 C/Al composites exhibiting excellent ability of neutron absorption [1] [2] [3] [4] and mechanical properties have been widely used in the neutron absorption process [5] [6] [7] . However, B 4 C/Al composites as a neutron absorber can be easily corroded because of perennial operation in an acidic environment [8] , leading to the deterioration of their mechanical and surface properties and to the reduction of their service life. Therefore, it is highly important to enhance the corrosion resistance of B 4 C/Al composites as a neutron absorber for the critical safety of dense spent fuel storages.
Powder metallurgy as a superior method for making B 4 C/Al composites exhibits several advantages with respect to the melting method such as the well-distributed B 4 C reinforcement and low processing temperature, which help to avoid the undesirable phases between the B 4 C and the Al [9] . However, powder metallurgy gives a relatively low density of the material owing to the use of powders and to the low temperature. As a result, the poor wettability between B 4 C and the Al matrix in B 4 C/Al composites leads to the occurrence of the microcracks, microcrevices, and other defects, which form diffusion channels the facilitate the delivery of the corrosive solution from the surface to the inner layer [10] . As such, a facile corrosion of the particle matrix interface gives rise to the rapid penetration along the particle interfacial areas in the composites. In addition, other factors may be attributed to the destruction of the Al matrix. This is exemplified by the fact that the presence of B 4 C particles, especially those on the surface, increases the cathode area of the electrode reaction and thus accelerates the corrosion of the Al matrix through electrochemical reactions [11] . In contrast, the existence of B 4 C particles will destruct the continuous oxidation film, which causes a facile corrosion. It was rationalized by the study of other groups that more mass fraction of B 4 C particles produces more significantly deteriorated corrosion on the surface [12, 13] . Collectively, the surface properties have a significant effect on the corrosion resistance of the particle-reinforced composites. Surface treatment is crucial in particulate-reinforced composites and beneficial to the surface state and good performance to improve the corrosion resistance.
Shot peening (SP) is among the useful mechanical surface treatment techniques and is widely applied to improve the surface properties [14] [15] [16] [17] by which the domain size is refined [18] and a deformation layer is formed [19] on the surface. This inhibits or retards the initiation and development of corrosion. Notable recent examples include the following study results. (1) Mhaede [14] reported that the increased surface layer hardness as well as the significant levels of residual compressive stresses is introduced by SP treatment. (2) Zupanc and Grum [20] found a positive effect of shot-peened aluminum alloy on corrosion fatigue properties while being exposed to a corrosive chloride environment. (3) The experimental results observed by Azar et al. [21] indicated that a lengthy SP treatment can enhance the pitting corrosion resistance of materials by using 1-2-mm stainless steel beads. (4) In the study by Xie et al. [17] , the introduced and improved residual compressive stress at the surface deformation layers was attributed to the refined domains, the high dislocation density, and the effect of reinforcements acting as sink sources of dislocations during deformation.
A considerable number of experiments have been conducted on the SP of Al alloys, which mainly focused on the mechanical properties or fatigue performance [20, [22] [23] [24] . Studies on the surface layer corrosion characteristic of shot-peened materials, especially for particlereinforced composites with high content of B 4 C particles, remain sparse. SP treatment was applied on 20% as-cast SiC w /6A02Al composites, and the residual stress was measured [25] . However, the corrosion effect of SP on composites with high content of B 4 C/Al has not been investigated before. In this work, considering the service environment of B 4 C/Al materials used in the nuclear industry, we reported the electrochemical corrosion performance of the B 4 C/Al composites in a H 3 BO 3 solution and their corresponding formation mechanism of deformation layer after SP. In order to analyze the improved corrosion resistance in detail, the properties of the peened material and the evolved morphology of microstructure were investigated by microhardness testing and scanning electron microscopy, respectively.
Materials and methods
Three-millimeter-thick B 4 C/Al composites were fabricated by hot pressed sintering. The mass fraction of B 4 C in the composites was 33%. The chemical composition of the Al powder (Beijing Xingrongyuan Technology, Co., Ltd., Beijing, China) and the B 4 C powder (Dalian Boentan Technology, Co., Ltd., Dalian, Liaoning Province, China) is presented in Tables 1 and 2 , respectively. The powders were mixed in a graphite mold, and then at an elevated temperature of 640°C and a pressure of 120 MPa, vacuum hot pressing was performed, which was followed by cross rolling in an atmospheric environment [26] . The SP treatment was performed on one side of the composite plate of an Al 2 O 3 ball, namely, a white corundum with 3 mm of diameter, whose density was 3.6 g/cm 3 and Mohs hardness was 9. It is of high hardness, high density, low wear, good neat degree, and good corrosion resistance. With the use of a manual pressure dry blasting machine (SR-6050A, Taiyaun Shirui Sandblasting Equipment, Taiyuan, Shanxi Province, China), Al 2 O 3 shot balls were impacted perpendicularly to the surface of the B 4 C/Al specimens at a pressure of 0.4 MPa and a treatment time of 5 min. The specimens were cut into dimensions of 10 × 10 × 3 mm 2 . In order to simulate the service environment in the nuclear industry and accelerate corrosion, the experiment was conducted in solution with 25,000 ppm of H 3 BO 3 .
The electrochemical test was conducted with a typical three-electrode electrolytic cell. A platinum electrode and a saturated calomel KCl were used as the counter electrode and reference electrode, respectively. The samples The potentiodynamic curves were recorded by changing the electrode potential automatically from -1 to 1 V at a scan rate of 1 mV/s. Electrochemical impedance spectroscopy (EIS) measurements were carried out using AC signals of amplitude 10 mV peak to peak at OCP in the frequency range from 100 kHz to 10 MHz. A potentiostat (model CS350, Wuhan Corrtest Instrument Co., Ltd, Wuhan, Hubei province, China) and the CorrTest software were used for the potentiodynamic polarization measurements and the EIS measurements, respectively. The impedance spectra were fitted with the appropriate equivalent circuit using the ZSimpWin software, and the representative parameters of the corrosion process could be extracted from them. The microhardness distributions in the deformation layer were measured by a micro Vickers hardness tester (HVS1000) with 2.94 N of loading and a holding time of 10 s. The measurements were performed for three times at each depth, and the average value was used to plot the microhardness distribution curve.
The micromorphology of the surface and the cross section of each sample before and after SP as well as the deform process were monitored by SEM. The phase composition before and after SP were examined by X-ray diffraction (XRD) using Cu Kα radiation with a wavelength of 1.5418 Å over a 2θ range of 10-90°. Moreover, a residual stress test was performed on the center of the SP section of the B 4 C/Al specimens using an ASM2-3-X knob-type stress detector, applying a voltage of 9 V with a 1.5-mm-diameter drill bit.
The residual stress test was carried out step by step by soldering the strain gauge on the SP sample and the other strain gauge used as a balance tab was soldered on the as-received sample. The stress detector and sample are shown in Figure 1 . Figure 2 shows the surface morphology of B 4 C/Al composite materials before and after SP. It can be observed that the surface is smooth before SP. Moreover, the SP treatment changed the surface-roughness properties, which led to continuous dimples on the surface ranging between 0.5 and 1 mm in size. Scanning electron micrographs of the surface of the composites before and after SP are shown in Figure 3 . Some B 4 C reinforcements were dispersedly distributed near the surface of the B 4 C/Al specimen. It can also be seen that there were some microcracks and microholes on the surface ( Figure 3A ). Some microcrevices between B 4 C and the Al matrix were also locally observed ( Figure 3C ). However, after SP, the number of B 4 C particles exposed on the surface decreased obviously and local surface defects disappeared, which indicates an increase in the surface density ( Figure 3B and D) . It is a result of the impact of small balls with high kinetic energy during SP. Simultaneously, B 4 C particles disorderedly distributed on the top surface before SP ( Figure 3E ), while some of them ingressed into the material slightly and some of them were encased by the deformed Al matrix during the SP process, as shown in Figure 3F . These may be attributed to the higher hardness and elasticity modulus of B 4 C compared with the matrix. The deformation of the Al matrix occurred relatively easily. And the deformation moved along with the hard B 4 C, which was encased in the Al matrix after SP.
Results and discussion

Macro-and micromorphological analysis
The microhardness measurement performed after the SP treatment is presented in Figure 4 . It shows that the microhardness of the sample reached the maximum at the top surface and then decreased gradually along the depth. distortion occurred and the dislocation density increased. It can be inferred that the thickness of the modified layer may be 150-200 μm from the change of microhardness. In the composites, the B 4 C particles acted as a sink source of dislocation and blocked the dislocation movement, which made the plastic deformation of the Al matrix difficult. So, as work hardening occurred, the surface microhardness increased. Moreover, the refined grains in the substrate surface and increased grain boundary introduced by SP treatment could also lead to higher hardness.
Electrochemical testing
The potential dynamic polarization curves for the B 4 C/Al composites in 25,000 ppm of H 3 BO 3 solution are shown in Figure 5 . After SP, the polarization curve moved to the upper left and the corrosion potential (E corr ) of the SPtreated specimen shifted to a positive region compared to the as-received specimen. The fitting results of the electrochemical characteristics can be obtained according to the Tafel linear extrapolation method, and the average values of three individual tests are summarized in Table 3 .
To evaluate the anti-corrosion property, the corrosion current density is a critical parameter. As shown in Table 3 , the corrosion currents are 3.828 × 10 -6 and 1.102 × 10 -6 A/cm 2 , respectively, before and after SP. The corrosion current density of the SP-treated specimen is much lower than that of the as-received specimen. The corrosion rate was reduced by 72.2% after the SP treatment, indicating a much better corrosion resistance of the shot-peened specimens. It indicates that the corrosion resistance of the composite was effectively improved by SP.
Nyquist plots of B 4 C/Al composites in 25,000 ppm of H 3 BO 3 solution before and after SP are presented in Figure 6 . The general shape of the SP-treated curve is similar to that of the as-received sample. The plots show that each impedance diagram consists of a large capacitive loop at high frequency (HF) and a small capacitive loop at low frequency (LF). The diameter of the capacitance loop increased obviously after SP. The HF capacitive loop may be ascribed to the interface resistance (R 1 ) between the solution and the B 4 C/Al surface and to the double layer behavior (Q 1 ), whereas the LF capacitive loop may be related to the film resistance (R 2 ) and capacitance (Q 2 ). It is noticeable that the HF capacitive loops are not perfect semicircles, which can be attributed to the frequency dispersion owing to the inhomogeneities and roughness of the electrode surface. The inhomogeneities were due to the composite being reinforced with B 4 C particles. Another reason was that the surface was not smooth enough to some extent.
The Bode plots obtained at OCP for the B 4 C/Al composites are presented in Figure 7 . It is apparent that the SP-treated specimen shows a higher impedance modulus value (|Z|) in the entire region from low frequency to high frequency, and a higher value of phase. A higher impedance modulus value represents a lower corrosion current density and a higher corrosion resistance. From the phase angle transition diagram, both the shot-peened specimen and the as-received specimen had two time constants, which suggests that SP did not change the film layer structure and the corrosion mechanism.
An equivalent circuit, R s (Q 1 R 1 )(Q 2 R 2 ) (Figure 8 ), was employed to fit the Nyquist plots, and the result is shown in Figure 9 . It is convincing because the fit error was 2.59 × 10 -3 . The values of the fitted parameters are presented in Table 4 .
It is observed from Table 4 that the values of the constant phase element, Q 1 and Q 2 , decreased, while the values of R 1 and R 2 increased after SP, indicating that the interface resistance between the film and the matrix, and the film resistance increased. The decrease of Q 1 and Q 2 suggests that the microroughness decreased, which was consistent with the increase in value of n 1 and n 2 . It indicates that the surface became smoother from the 
Real image Fit image be attributed to the reduction of defects on the surface and near surface of B 4 C/Al composites. Meanwhile, the densification and compactness of the near surface as a result of SP also led to the improvement of corrosion resistance.
The increase in the value of n 1 explains the decreasing roughness of the shot-peened specimen at the micro level.
XRD analysis
The result of the XRD spectroscopy of B 4 C/Al composites before and after SP is shown in Figure 10 . It can be seen from the graph that the main phases of the material are Al and B 4 C, and that little Al 2 O 3 is observed. No new phase was generated. However, the peaks shifted to a slightly lower angle, which indicates the existence of residual compressive stress [24] and the deformation induced by SP treatment. The result of the residual stress test is shown in Table 5 . The values of the residual stress (σ 1 = -29.0 MPa and σ 2 = -36.2 MPa) show the existence of residual compressive stress. Moreover, this is consistent with the results of previous studies [27, 28] , which reported that SP can introduce residual compressive stress. In addition, some of the peaks became weaker in intensity, which may be ascribed to the randomized textures due to the deformation of the Al matrix by SP treatment. Before SP, the textures existed along the direction of the (111) plane. While the texture was randomized by a great number of shot balls with high kinetic energy, the diffraction intensity of those peaks decreased. This is consistent with the results of previous studies [15, 19, 24] . Some diffraction peaks became wider, which may be attributed to grain refinement in the top surface after SP.
Corrosion behavior analysis
According to the electrochemical theory of corrosion, the corrosion process of B 4 C/Al composites in H 3 BO 3 solution is as follows:
2Al 6H 2Al 3H .
The H + ion in the solution gets adsorbed on the surface of the sample, causing the dissolution of a thin oxide film as reaction (3) shows. After that, H + reacts with aluminum beneath the oxide film as reaction (4) shows, leading to the occurrence of pitting corrosion. The interface between the reinforcing B 4 C particles and the Al matrix increases the surface area of the specimen in contact with the solution as well as the possibility of pitting corrosion. Furthermore, it is easier for H + to be adsorbed on or to penetrate into the material owing to the existence of microholes, microcracks, and other defects, which accelerates the dissolution of the matrix. However, SP treatment repairs the holes and cracks on the surface and closes the ion exchange channel that is needed in the process of corrosion, thus improving the corrosion resistance. And it becomes more difficult for the corrosive solution to invade because of the denser and more compactness surface layer.
The schematic diagram of the functional and deform mechanism of SP is shown in Figure 11 . When Al 2 O 3 impacts the B 4 C/Al composite, the plastic deformation of the matrix occurs easily. The micropores and microcracks that exist on the surface of the composites are filled by the deformed aluminum alloy under the horizontal force of shock pressure. And the matrix becomes densified under the vertical force of shock pressure, as shown in Figure  11B . However, some of the hard B 4 C particles hinder the plastic deformation of the matrix and allow the deformation process of the matrix to happen only along the outer edge of B 4 C, which makes the crevices between B 4 C and the Al matrix disappear. In contrast, B 4 C particles will ingress into the substrate under a continuous jet projectile pressure. This may be ascribed to the large modulus and high hardness of B 4 C. A scallop will form after the B 4 C particles move internally, and it will be shut by the plastic deformation of the matrix around it when the material is impacted by constant projectiles. As a result, a continuous matrix layer is formed and impacted under the successive impact force. Consequently, the B 4 C particles are encapsulated inside the matrix, reducing the effective area of corrosion caused by the discontinuous oxide film due to the existence of particles. It also decreases the corrosion caused by H + adsorption and the surface active point position.
In the process of SP, the elastic and plastic deformation of the Al matrix is introduced as the Al 2 O 3 balls impact the B 4 C/Al composite surface from various directions with high energy. Dislocations are generated and rearranged. Finally, sub-grain boundaries are formed. As a result, the newly formed grain boundaries lead to grain refinement. The refined grains increase the number of active atoms on the surface, thus increasing the generating capacity of the surface passivation film. In addition, with a large number of high-speed projectiles continue to sprayed, the surface temperature increases, which increases the oxidization possibility of the matrix surface. As a result, the passivation performance of the material improves. Moreover, the top surface of the B 4 C/Al composite becomes denser and more compact, increasing the polarization resistance.
It can be observed from Figure 12A and B that the B 4 C was broken and ingressed into the matrix and the surface became smoother in the shot-peened area ( Figure 12C) . The cross section of the composites before SP is shown in Figure 11D . Moreover, Figure 11E and f shows how the B 4 C particles are to be encased or are encased in the deformed Al matrix, which is in accordance with the speculation.
In conclusion, the SP treatment reduced the area of the B 4 C particles exposed on the surface and improved the integrity of the surface matrix. The increase in corrosion internal resistance inhibited the ion adsorption and corrosion reaction owing to the disappeared defects between B 4 C and the Al matrix, thus improving the corrosion resistance of the composites.
Conclusions
The effects of SP on the corrosion behavior of 33% B 4 C/Al were investigated. The general conclusions that can be drawn from the results are as follows: 1. The corrosion behavior of B 4 C/Al composites in H 3 BO 3 solution could be significantly improved by the SP process. There was a decrease in the I corr values from 3.828 × 10 -6 to 1.102 × 10 -6 A/cm 2 . And the corrosion rate decreased by 72.2% compared with the result obtained from the as-received specimen. 2. The positive effect of SP on the corrosion behavior may be ascribed to the plastic deformation induced by SP treatment. On the one hand, deformation can block the surface defects such as microcracks and microholes and increase the continuity of the surface oxidation film. On the other hand, the near surface layer becomes more compact and denser owing to the deformation, thus leading to the increase in polarization resistance. 3. Shot peening significantly increases the surface hardness of B 4 C/Al composites because of the plastic deformation layer induced by SP treatment. The surface hardness increased by 31.5%.
